Inflammation plays a significant role in the development of obesity-related complications, but the molecular events that initiate and propagate such inflammation remain unclear. Here, we report that mice fed a high-fat diet (HFD) for as little as 1-3 days show increased differentiation of myeloid progenitors into neutrophils and monocytes but reduced B lymphocyte production in the bone marrow. Levels of neutrophil elastase (NE) and the nuclear factors CCAAT/enhancer-binding protein ␣ (C/EBP␣) and growth factor-independent 1 (GFI-1) are elevated in hematopoietic stem and progenitor cells from HFD-fed mice, but mice lacking either NE or C/EBP␣ are resistant to HFDinduced myelopoiesis. NE deletion increases expression of the inhibitory isoform of p30 C/EBP␣, impairs the transcriptional activity of p42 C/EBP␣, and reduces expression of the C/EBP␣ target gene GFI-1 in hematopoietic stem and progenitor cells, suggesting a mechanism by which NE regulates myelopoiesis. Furthermore, NE deletion prevents HFD-induced vascular leakage. Thus, HFD feeding rapidly activates bone marrow myelo-poiesis through the NE-dependent C/EBP␣-GFI-1 pathway preceding vascular damage and systemic inflammation.
Obesity is a major contributing factor to the development of insulin resistance, type II diabetes, and cardiovascular diseases. Extensive investigation has demonstrated the relationship between obesity and increased systemic inflammation (1) (2) (3) (4) . However, the molecular events that initiate and propagate obesity-related inflammation remain unknown. Neutrophils are the most abundant leukocytes that are critical for innate immunity and acute inflammation (5) . In response to an inflammatory insult, circulating neutrophils adhere to the vasculature and undergo transendothelial migration to the site of inflammation. Furthermore, activated neutrophils can interact with and activate other inflammatory cells, such as macrophages and lymphocytes. Neutrophils thus play a pivotal role in initiating inflammation-associated tissue damage. Emerging evidence suggests that neutrophils contribute to obesity-related inflammation. Obese humans have elevated neutrophil counts (6, 7) . Our group and others have shown that short-term consumption of a high-fat diet (HFD) 5 is sufficient to increase neutrophil infiltration into white adipose tissue, and mice that lack neutrophil elastase (NE) are resistant to HFD-induced leukocyte infiltration in adipose tissues and subsequent insulin resistance (8 -10) . However, little is known of the mechanisms of neutrophil activation and NE involvement in inflammation at the very early stages of HFD-induced obesity.
Neutrophil homeostasis is highly regulated and involves dynamic changes in the production of neutrophils in the bone marrow (BM). BM hematopoietic stem cells (HSCs) can differentiate into cells of myeloid and lymphoid lineages. During differentiation, differential expression of transcription factors plays a major role in regulating myelopoiesis and lymphopoiesis. In this study, we investigated the mechanisms underlying HFD-induced increases in neutrophil infiltration by examining the effects of an HFD on BM hematopoiesis and the involvement of NE and hematopoiesis-related transcription factors in this process. We found that HFD feeding selectively increases emergency myelopoiesis and subsequent systemic inflammation through activation of the C/EBP␣-GFI-1 pathway. This study also suggests that NE regulates C/EBP␣-GFI-1 signaling and diet-induced myelopoiesis.
Results and Discussion
Myelopoiesis Is Rapidly Increased by Short-term HFD Feeding-To determine whether HFD-induced leukocyte infiltration in adipose tissues is due to an increase in neutrophil production, we fed WT C57BL/6J mice with a normal chow diet (NCD) or an HFD (60 kcal% with lard fat, Research Diets, Inc., product number D12492) for 3 days, and then measured the frequency and absolute number of neutrophils, monocytes, and B-lymphocytes in the BM, blood, and spleen by flow cytometry (supplemental Fig. 1 ). Mice fed the HFD had significantly more neutrophils and, to a lesser extent, monocytes, but fewer B-lymphocytes in the BM, blood, and spleen than mice fed an NCD ( Fig. 1 , A-C, supplemental Fig. 2 ). Consistent with the increase FIGURE 1. Short-term HFD feeding differentially affects hematopoiesis. A-D, C57BL/6J mice (10-week-old males) were fed normal chow or an HFD (60 kcal% fat) for 3 days. BM, spleen, and blood samples were analyzed by FACS. Graphs show the frequency (%) or absolute number of neutrophils (CD11b ϩ Ly-6G ϩ ) (A), monocytes (CD11b ϩ Ly-6C high ) (B), B-lymphocytes (CD19 ϩ ) (C), and HSC/progenitors including KSL-HSPCs (c-Kit ϩ Sca-1 ϩ Lin Ϫ ), LT-HSCs
, and GMPs (c-Kit ϩ Lin Ϫ Sca1 Ϫ CD34 ϩ Fc␥RII/III high ) (D). A-D, n ϭ 6 mice per group. E, plasma FFA and G-CSF levels. n ϭ 5 per group. F, qRT-PCR analysis of hematopoietic transcription factors in purified BM HSPCs. n ϭ 6 mice per group. A.U., arbitrary units. G, immunoblotting of p42 and p30 C/EBP␣ in BM cells. n ϭ 5 per group. H, HSPCs (5 ϫ 10 5 cells) enriched from two mice were pooled for a ChIP assay with p42 C/EBP␣ antibody followed by quantitative PCR analysis of the promoter region of the Gfi1 gene (sense, 5Ј-GGGACTTAGTTTCTGAAGC-3Ј; antisense, 5Ј-GTTTGCCTAGGGACTATGTG-3Ј, from Ϫ259 to Ϫ58). Mouse IgG was used as negative control for immunoprecipitation, and lysate for each sample was used as input control for qRT-PCR. n ϭ 3 per group. A-H, *, p Ͻ 0.05, normal chow versus HFD. Experiments were repeated at least two times for A-G and one time for H. All data are expressed as mean Ϯ S.D.
in myeloid cells, production of Kit ϩ Sca-1 ϩ Lin Ϫ (KSL) hematopoietic stem and multipotent progenitor cells (KSL-HSPCs) was also higher in the BM of HFD-fed as compared with NCDfed mice ( Fig. 1D , supplemental Fig. 2 ). Further analyses of the subset populations of KSL-HSPCs revealed that short-term HFD feeding rapidly increased multipotent progenitors (MPPs), whereas no significant change was observed with long-term and short-term hematopoietic stem cells (LT-HSCs and ST-HSCs, Fig. 1D ). Interestingly, however, common myeloid progenitors (CMPs) and granulocyte-monocyte progenitors (GMPs) were decreased by short-term exposure to an HFD.
We further performed HFD studies with shorter and longer feeding periods. The changes in neutrophils, BM KSL-HSPCs, LT-HSCs, MPPs, CMPs, and GMPs in mice fed the HFD for 7 days were similar to those in mice fed the same diet for 3 days (supplemental Fig. 3 , A-C). HFD feeding for 7 days was also sufficient to increase both Cd11b ϩ Ly6G ϩ neutrophil and CD45 ϩ F4/80 ϩ CD11c ϩ M1-type macrophage infiltration in stromal vascular fractions from adipose tissue (supplemental Fig. 3D ). HFD feeding for 24 h increased neutrophil production with concomitant reduction of myeloid progenitors CMPs and GMPs. However, no significant change was observed with BM KSL-HSPCs and MPPs in 1-day HFD-fed mice. This observation suggests that differentiation of myeloid progenitors into neutrophils occurs earlier than enhanced HSC function and MPP production in HFD-fed mice.
We also measured plasma levels of FFAs and G-CSF. As shown in Fig. 1E , plasma FFAs and G-CSF were significantly increased in the mice fed the HFD for 3 days. G-CSF is essential for the amplification and terminal differentiation of neutrophil progenitors and precursors, whereas lipolysis that increases FFAs may be involved in the release of BM neutrophils (11, 12) . Thus, our data support the notion that buildup plasma levels of G-CSF and FFAs are associated with HFD-induced neutrophil production. In addition, we observed more blood neutrophils, but not BM neutrophils, in mice fed an HFD (60% kcal) made of coconut oil (medium-chain saturated fat) for 3 days in comparison with chow diet-fed mice (supplemental Fig. 4 ). Interestingly, plasma levels of FFAs, but not G-CSF, were increased in coconut oil-fed mice. Further studies are needed to evaluate the roles of G-CSF and different species of FFAs in diet-induced neutrophil production and functions.
HFD Feeding Selectively Regulates the Expression of Transcription Factors and Rapidly Activates C/EBP␣ Transcriptional Activity in HSPCs-To investigate how HFD feeding increases myelopoiesis and concomitantly suppresses lymphopoiesis, isolated BM HSPCs were used to examine gene expression of several hematopoietic transcription factors. PU.1 is known to be required for HSC differentiation to the myeloid lineage, and C/EBP␣/⑀ and GFI-1 are necessary for terminal differentiation of myeloid cells (13, 14) . We found that HFD feeding for 3 days significantly increased PU.1, C/EBP␣, C/EBP⑀, and GFI-1 mRNA levels in HSPCs (Fig. 1F ). In contrast, expression of Pax5, which is required for lymphocyte differentiation (15) , was significantly reduced in HSPCs after HFD feeding, providing an explanation for the decreased production of B-lymphocytes. These data suggest that short-term HFD feeding selectively stimulates HSC differentiation toward the myeloid lineage and suppresses lymphopoiesis in the BM by differentially regulating transcription factor expression. Consistent with the results of the qRT-PCR analysis, we found that expression of the full-length active form of p42 C/EBP␣ protein was increased in BM cells from HFD-fed mice, whereas there was a tendency of reduced expression of p30 C/EBP␣, which acts as a dominant-negative inhibitor) (16) . Hence, HFD feeding significantly increased the ratio of p42 over p30 C/EBP␣ (Fig. 1G ).
C/EBP␣ promotes GFI-1 transcription in BM progenitors and neutrophils by binding to a C/EBP consensus recognition site in the GFI-1 promoter region (17) . To determine whether HFD feeding affects C/EBP␣ transcriptional activity in BM HSPCs, we performed ChIP assays using an antibody that specifically recognizes the transcriptionally active p42 C/EBP␣. Indeed, HFD feeding for 3 days significantly increased C/EBP␣ binding to the GFI-1 promoter in WT HSPCs (Fig. 1H) . Because both C/EBP␣ and GFI-1 are involved in the late stages of granulocyte differentiation (14) , our data suggest that HFD feeding rapidly stimulates myeloid cell differentiation by activating the C/EBP␣-GFI-1 pathway. To evaluate whether this pathway is necessary for HFD-induced myelopoiesis, conditional depletion of C/EBP␣ in BM hematopoietic cells was introduced by injection of poly(I:C) to Mx1-Cre ϩ /CEBP␣ F/F and control Mx1-Cre Ϫ /CEBP␣ F/F mice (18) . Efficient transgene deletion was confirmed by measuring C/EBP␣ protein in BM cells from Mx1-Cre ϩ /CEBP␣ F/F (supplemental Fig. 5A ). Notably, a dramatic loss of neutrophils and monocytes from the BM and blood of Mx1-Cre ϩ /CEBP␣ F/F mice as compared with control mice (supplemental Fig. 5, B and C) , both fed with HFD for 3 days, was observed. However, the frequency and number of KSL-HSPCs, CMPs, and GMPs were markedly increased in the BM of HFD-fed Mx1-Cre ϩ /CEBP␣ F/F mice (supplemental Fig.  5D ). These data suggest that C/EBP␣ is required for HFD-induced myeloid cell differentiation.
Neutrophil Elastase Deficiency Reduces HFD-induced Myelopoiesis-HFD feeding of WT mice significantly increased NE protein levels in BM ( Fig. 2A ) and NE mRNA levels in BM neutrophils and HSPCs (Fig. 2, B and C) . We asked whether HFD-induced myelopoiesis might also be affected by deletion of NE. Notably, NE KO mice fed an HFD had a significantly lower number of neutrophils and monocytes, but more B-lymphocytes, in the BM, blood, and spleen as compared with HFDfed WT mice (Fig. 2, D-F, supplemental Fig. 6, A-C) . Interestingly, BM KSL-HSPCs and MPPs, but not ST-HSCs and LT-HSCs, were significantly reduced in HFD-fed NE KO mice (Fig. 2G, supplemental Fig. 6D ). However, both GMPs and CMPs were significantly increased (Fig. 2G) . Thus, HFD-fed NE KO mice and HFD-fed WT mice displayed opposing myelopoietic and lymphopoietic cell profiles. NE KO mice fed an HFD for 4 weeks have similar immune cell profiles to the mice fed for 3 days (supplemental Fig. 7 ). Of note, in comparison with WT controls, NE KO mice had lower basal levels of KSL-HSPCs, neutrophils, and monocytes accompanied with higher basal levels of B-lymphocytes, CMPs, and GMPs in the BM under the feeding condition with a normal chow diet (supplemental Fig. 8 ).
HFD-induced Changes in C/EBP␣ Isoform Expression and Transcriptional Activity Are Reversed by Deletion of Neutrophil
Elastase-We observed that PU.1 and GFI-1, but not C/EBP␣/⑀, mRNA levels were lower in HSPCs from NE KO mice than WT mice (Fig. 3A) . In contrast, expression of several transcription factors involved in B-lymphocyte differentiation, such as EBF1, Ikaros, and Bcl11a, was higher in HSPCs from HFD-fed NE KO than HFD-fed WT mice. We also examined the effects of NE deletion on expression of the two C/EBP␣ protein isoforms in BM cells from HFD-fed mice. As shown in Fig. 3B , BM cells from HFD-fed NE KO mice expressed significantly more of the dominant-negative p30 C/EBP␣ isoform than HFD-fed WT mice, shifting the ratio of the transcriptionally active and inhibitory C/EBP␣ isoforms (Fig. 3B) . Thus, deletion of NE reversed the HFD-induced change in the C/EBP␣ isoform ratio observed in WT mice.
Short-term HFD feeding increased the expression of GFI-1 mRNA in BM HSPCs in WT mice (Fig. 1F ). This change was abolished by deletion of NE (Fig. 3A) . Thus, we further performed a ChIP assay to determine whether NE deletion affects C/EBP␣ transcriptional activity in BM HSPCs from mice fed an HFD for 3 days. Indeed, deletion of NE significantly reduced p42 C/EBP␣ binding to the GFI-1 promoter in HSPCs (Fig. 3C) . These data suggest that loss of NE suppresses HFD-induced 
myelopoiesis, possibly through inhibiting C/EBP␣ activity and GFI-1 expression.
Deletion of NE Prevents HFD-induced Vascular Leakage-We further performed a functional test to evaluate whether HFD feeding and depletion of NE affect vascular permeability. As shown in Fig. 3D (left panel) , an HFD feeding for 4 weeks increased Evan blue leakage into adipose tissue in C57BL/6J mice. Interestingly, NE KO mice were fully protected from HFD-induced vascular damage in adipose tissue (Fig. 3D, right  panel) .
HFD Feeding Selectively Activates Transcription Factors That Favor Myelopoiesis at the Expense of Lymphopoiesis in Bone
Marrow-In this study, we showed that HFD feeding rapidly increases neutrophil numbers and concomitantly decreases B-lymphocyte numbers in the BM, spleen, and blood. At the molecular level, short-term HFD feeding increases expression of the myelopoietic transcription factors C/EBP␣, PU.1, and GFI-1 and decreases expression of the key lymphopoietic transcription factor Pax5 in BM HSPCs, suggesting a mechanism for the differential effects of short-term HFD feeding on myelopoiesis and lymphopoiesis. It is interesting to note that HFD feeding increases the expression of the transcriptionally active p42 C/EBP␣. This is consistent with the finding that both p42 C/EBP␣ transcriptional activity and expression of its downstream target GFI-1 are increased by HFD feeding. We also observed a significant increase in MPPs in the BM of HFD-fed mice, whereas myeloid progenitors, particularly GMPs, were decreased. Previous studies have suggested that C/EBP␣ is involved in the conversion of CMPs to GMPs and terminally differentiated cells (18) , whereas GFI-1 is required for the commitment of GMPs to neutrophils (14) . This is consistent with our data showing that C/EBP␣ deletion significantly increased myeloid progenitors and reduced mature neutrophils and monocytes in HFD-fed mice. Thus, short-term HFD-induced decrease of GMPs and CMPs could be the result of increased expression and activity of C/EBP␣ and GFI-1. HFD feeding also increases levels of BM MPPs. This could be the result of enhanced HSC differentiation into MPPs. It was previously reported that GFI-1 regulates HSC function or HSC differentiation (19, 20) . Hence, our data support the notion that activation of the C/EBP␣-GFI-1 pathway at the early stage of HFD feeding leads to: 1) enhanced HSC function and 2) rapid differentiation of the myeloid progenitors to matured myeloid cells at the expense of lymphopoiesis in the BM. Our data elucidate a signaling pathway that is involved in HFD-induced myelopoiesis in the BM (21, 22) .
NE Is Required for HFD-induced Activation of the C/EBP␣-GFI-1 Pathway and Myelopoiesis-We also found that shortterm HFD feeding increases NE mRNA levels in enriched BM HSPCs. Interestingly, NE deletion prevents the HFD-induced changes of immune cell profiles observed in WT mice. The regulatory effects of NE on hematopoiesis during HFD feeding are consistent with, and may explain the resistance of NE KO mice to HFD-induced vascular leakage, leukocyte infiltration, and inflammation of adipose tissues, as well as the development of insulin resistance (8, 9) . We also explored the molecular mechanisms by which NE regulates BM myelopoiesis. One mechanistic finding was that NE ablation does not affect the expression of C/EBP␣ mRNA and its active p42 protein isoform but enhances the expression of the dominant-negative p30 C/EBP␣ isoform, which lacks the N-terminal 117-amino acid sequence containing two transactivation domains (16, 23) . Although the molecular basis for this selective effect is unclear, it is possible that the loss of NE favors expression of the short isoform of C/EBP␣. Nevertheless, it is clear that NE deletion decreases the transcriptional activity of C/EBP␣ and subsequent expression of the downstream target gene GFI-1 required for commitment of late stage granulocytosis (Fig. 3A) .
Collectively, the data presented here have uncovered a signaling pathway through which HFD feeding regulates myelopoiesis and neutrophil production ( Fig. 3E ). Our study provides evidence that HFD feeding rapidly induces neutrophil produc-tion in BM preceding vascular damage and systemic inflammation. Given that NE deletion prevents neutrophil production and subsequent systemic inflammation and metabolic dysfunction (8, 9) , it is possible that neutrophils and NE are involved in initiating inflammatory damage at the early stages of obesity. Further understanding of molecular events leading to the activation of neutrophils and NE in diet-induced obesity may help to develop strategies for the prevention and treatment of obesity-related vascular damage, inflammation, and diseases.
Experimental Procedures
All methods are described in detail in the supplemental Experimental Procedures, including experimental animals; isolation of mouse bone marrow cells, splenocytes, and peripheral blood leukocytes; FACS analysis; real-time quantitative RT-PCR; PCR primers; immunoblotting analysis; ChIP and C/EBP␣ transcriptional activity assay; measurement of plasma FFAs and G-CSF; and Evans Blue vascular permeability test.
Statistical Analysis-All quantitative results are expressed as means Ϯ S.D. Differences between two groups were evaluated using an unpaired Student's t test with two-tailed distribution. A p value Ͻ0.05 was considered statistically significant.
Study Approval-All mouse work was performed according to Boston University Institutional Animal Care and Use Committee (IACUC) guidelines.
